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Abstract

:

The study of interrelationships among soil health indicators is important for (i) achieving better understanding of nutrient cycling, (ii) making soil health assessment cost-effective by eliminating redundant indicators, and (iii) improving nitrogen (N) fertilizer recommendation models. The objectives of this study were to (i) decipher complex interrelationships of selected chemical, physical, and biological soil health indicators in pastures with history of inorganic or broiler litter fertilization, and (ii) establish associations among inorganic N, potentially mineralizable N (PMN), and soil microbial biomass (SMBC), and other soil health indicators. In situ soil respiration was measured and soil samples were collected from six beef farms in 2017 and 2018 to measure selected soil health indicators. We were able to establish associations between easy-to-measure active carbon (POXC) vs. PMN (R2 = 0.52), and N (R2 = 0.43). POXC had a noteworthy quadratic relationship with N and nitrate, where we found dramatic increase of N and nitrate beyond an inflection point of 500 mg kg−1 POXC. This point may serve as threshold for soil health assessment. The relationships of loss-on-ignition (LOI) carbon with other soil health indicators were discernable between inorganic- and broiler litter-fertilized pastures. We were able to establish association of SMBC with other soil variables (R2 = 0.76) and there was detectable difference in SMBC between inorganic-fertilized and broiler litter-fertilized pastures. These results could be useful for cost-effective soil health assessment and optimization of N fertilizer recommendation models to improve N use efficiency and grazing system sustainability.
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1. Introduction


Soil is a complex and dynamic ecosystem; hence, a deep understanding of complex interrelationships between soil health indicators is required for sustainable utilization of this non-renewable resource. There is no single indicator that can describe the overall state of soil health and productivity [1,2]; thus, several indicators are used for that purpose [3]. However, many indicators provide redundant information; thus, the study of their interrelationship is very important for cost-effective assessment of soil health. Moreover, soil health is highly affected by climate and management [4,5,6,7], and a deeper understanding of interrelationship between soil health indicators and management factors [8], such as fertilizer source and grazing system, is highly important [9].



Chemical indicators are the oldest and most studied indicators of soil health and they still remain the most important ones from farmer’s perspective, although biological, physical, and biochemical indicators are equally important [3], if not more [10]. Nitrogen fertilizer remains one of the most important inputs in agricultural production [11]; hence, soils’ ability to store and release nitrogen has always been a high priority research area among soil scientists. Traditional fertilizer recommendation models typically depend on the soil test value of the nutrient and plant requirement; however, advances have been made to utilize other soil health indicators for optimum fertilizer recommendation [10,12,13].



In this manuscript we focused on several chemical indicators (potentially mineralizable nitrogen, inorganic nitrogen, loss on ignition carbon, permanganate oxidizable carbon, Mehlich-I phosphorus) of soil health, along with one physical (bulk density) and two biological indicators (soil respiration and soil microbial biomass). The main goal of this research was to analyze and report the interrelationships of selected soil health indicators and to provide generalized models for predicting soil microbial biomass and N availability, by utilizing a large number of soil-samples from multiple locations and two common grazing systems in the Piedmont region of Georgia.




2. Materials and Methods


2.1. Study Sites


Soil samples were collected from six study sites (Figure 1), including twelve grazed-pastures and one hay field, between May 2017 and July 2018 (Table 1). JPC and ADS (two of the sites) are research pastures owned by University of Georgia, whereas WF, TC, TH and FC are farmers’ fields in Northeastern Georgia. A detailed description of the pasture characteristics is shown in Table 1. The study area has a hot humid sub-tropical climate with mean minimum annual temperature of 10.4–11.1 °C, mean maximum annual temperature of 22.5–25.6 °C and mean annual rainfall of 1190–1230 mm.




2.2. In Situ Soil Respiration and Soil Sampling


In JPC and ADS pastures, soil samples (0–5, 5–10, and 10–20 cm) were collected from 1020 locations in July 2017 and July 2018 by using a 5-cm diameter Giddings hydraulic probe (Giddings Machine Corporation, Windsor, Colorado). Two replicate soil samples were collected from each sampling location which resulted in 2040 soil samples. On the day of soil sampling, in situ alkali traps, containing 1 mol L−1 Sodium Hydroxide (NaOH) were installed in a static PVC chamber that was inserted to a 5-cm soil depth to measure soil respiration as described by Anderson [14]. After 24 h, alkali traps were brought to the lab and Barium Chloride (BaCl3) was added to precipitate the CO2 captured by NaOH, then residual NaOH was titrated with 1 N HCl (Hydrochloric acid) to calculate the amount of CO2 produced by soil respiration in 24 h. Similarly, in WF, TC, TH, and FC pastures, soil samples were collected in the same manner as JPC and ADS, however only at 0–10 cm soil depth, resulting in 204 samples.




2.3. Soil Analysis


Soil samples were air-dried for two weeks, ground, and sieved (2-mm mesh) then stored in air-tight plastic bags for further analysis. Bulk density for each soil core was measured following the USDA Soil Survey Laboratory Methods Manual [15]. Samples were analyzed for Loss-on-Ignition Carbon using the combustion method as described in the USDA Soil Survey Laboratory Methods Manual [15]. Two replicate cores were then composited for further analysis, which resulted in a total of 1020 samples from JPC and ADS pastures, and a total of 102 samples from other pastures. Permanganate Oxidizable Carbon was analyzed by using the method described by Weil et al. [16]. Soil Microbial Biomass was measured using the method described by Vance et al. [17], in a smaller subset of the samples. Soil samples were extracted using 2 mol L−1 KCl [18] then NH4+-N was measured as described in Kempers and Zweers [19] and the NO3−-N was measured as described by Doane and Horwath [20]. Inorganic N was calculated as the sum of NH4+-N and NO3−-N fractions from 2 mol L−1 cold KCl extraction. Potentially mineralizable N was measured using the hot KCl extraction method [21], In this method, 20 mL of 2 mol L−1 KCl was added to 3 g of soil, heated at 100 °C for 4 h in a hot water bath, allowed to cool to room temperature, and filtered through Whatman #42 filter paper. Then the supernatant was analyzed for NH4+-N as described by Kempers and Zweers [19]. Potentially mineralizable N was calculated by subtracting cold KCL extracted NH4+-N from hot KCl extracted NH4+-N. Plant available P (Mehlich-I P) was measured using the method described by Mehlich [22]. Clay percentage in each sample was calculated from NRCS_USDA (Web Soil Survey) [23] and first-order soil survey conducted by NRCS in the pastures. Clay percentage was not used in the analysis due to coarse resolution of the data, but could be useful for interpretation of some results.




2.4. Statistical Analysis


All data processing and analysis was done using R Statistical Software [24]. Stepwise backward selection method, with minimum AIC [25], was used to identify variables. The dependent variable and a multiple regression model was fit using selected variables. The regression model was defined as


Y = Xβ + ε



(1)




where, Y denotes the response variable, X denotes the matrix of explanatory variable, β denotes the vectors of regression coefficients, and ε denotes the vector of random error term. Several simple linear regression models were fit between different variables to understand their interrelationships as follows:


y = β0 + β1x + ε



(2)




where y is the response variable, x is the predictor variable, β0 is the intercept of the model, β1 is the slope, and ε is the error term.



For some variables, a quadratic model was more suitable:


y = β0 + β1x + β2x2+ ε



(3)




where y is the response variable, x is the predictor variable, β0 is the intercept of the model, β1 is the regression coefficient related to x, β2 is the regression coefficient related to the quadratic term, and ε is the error term.



In addition, a factor analysis of mixed data (FAMD) was conducted to identify variables contributing most to the overall variance of the dataset as suggested by [26]. FAMD is a Principal Component Analysis (PCA) method which allows both categorical and quantitative variables. All variables were normalized in order to balance the effect of each set of variables.





3. Results and Discussion


3.1. Summary Statistics of Soil Health Indicators


A summary of all variables under study, grouped by soil-depth and fertilizer management systems, is presented in Table 2. Except bulk density, there was a general decrease in all soil parameters with soil increasing depth. Bulk density was highest in the 5–10 cm depth followed by 10–20 cm and 0–5 cm. We utilized soil samples with a wide range of soil health indicator values to increase the applicability of the developed models. For example, soils had a wide range of LOI which ranged from 1.6 to 3.6 g 100 g−1, while POXC values ranged from 192 mg kg−1 to 1355 mg kg−1. Research pastures (23%) had greater clay content compared to farmer’s pastures (15.6%).




3.2. Exploratory Data Analysis


The PCA analysis showed that first two principal components accounted for 55% of total variability of the dataset. As expected, soil depth was a significant contributer in both first and second principal components. Year of sampling did not have any useful role. BD, LOI, Nitrate, PMN, Inorganic N, and POXC were important contributer on the first principal component, whereas Mehlich-1 P was an important contributor in the second principal component (Figure 2). More details on the role of qualitative and quantitative variables in overal variation on data are presented in the Supplementary Materials (Figures S1 and S2). While we realize that depth of sampling had a profound effect on the dataset, the objective of this manuscript is not to estimate the differences in soil health indicators by soil depth. Rather, the focus is on understanding the relationships between soil health indicators in a diverse population of soil samples.




3.3. Relationship of Soil Nitrogen with Other Soil Health Indicators


PNM is a widely used indicator of soil health [3] and could be used for making nitrogen fertilization decisions in pastures to avoid over-application and potential loss of nitrogen via runoff, leaching, and volatilization [27]. In agreement with other researchers, we found that PMN was related to inorganic N (Figure 3A). Ros et al. [28] and Picone et al. [21] reported correlation of 0.74 and 0.68, respectively. PMN is the fraction of soil N which is yet to be mineralized and as shown here it contributes to the readily plant-available inorganic N fraction (inorganic N, Figure 3A), when mineralized [28,29].



Bulk density had a significant inverse relationship with N and PMN which was explained by a quadratic relationship (Figure 3B and Figure 4C). Chaudhari et al. [30] also reported a significant negative correlation between bulk density and N + P + K (−0.87) content in tropical croplands, for a smaller sample size. Other studies [31,32] found a highly significant negative relationship between BD and total N. Generally, soils with BD greater than 1.6 g cm−3 are highly restrictive for root growth [9]; however, it has also been suggested that soils with BD as low as 1.2 might have detrimental effect on overall root and shoot growth in perennial ryegrass [31,33]. Root growth restriction coupled with low nutrient holding capacity of high BD soils might lead to over application of expensive nitrogen fertilizer and losses during runoff.



LOI had positive relationship with N and PMN which were explained by simple linear models (Figure 3C and Figure 4D). Our result is in agreement with a study by Yang et al. [34] in Tibetan grasslands, who reported that a simple linear model explains the relationship between total carbon and total nitrogen to a depth of 100 cm. Steffens et al. [35] also reported a similar relationship in arid regions of China. In this analysis, grasslands that received broiler litter as primary source of fertilizer behaved differently as compared to pastures that received inorganic fertilizers or no fertilizers (Figure 3C). Inorganically fertilized pastures had significantly (p < 0.001) steeper slope (6.8) compared to broiler litter fertilized pastures (1.24). Broiler litter pastures had very high (up to 40 g 100 g−1) LOI; however, the rate of increase in N per unit increase in LOI was significantly lower as compared to inorganically fertilized pastures. Past studies [36,37] have reported an improved prediction of mineralizable nitrogen when organic matter was included in the model; however, our results indicate that we need to use caution as the relationships between organic matter and nitrogen can be dissimilar for different fertilizer management systems [38]. This might be attributed to high C/N ratio [39,40] of the bedding material used in poultry farms which could result in an accumulation of carbon but little corresponding increase in nitrogen. In addition to that, soils in research pastures with high in clay content could have retained more nitrogen due to greater surface area of clay particles. Upon extraction, nitrogen was released rapidly, showing a steeper slope of relation between LOI and nitrogen fractions. As sampling depths for inorganic (0–5, 5–10 and 10–20 cm) and broiler litter pastures (0–10 cm) were different, we also calculated all soil health indicators for 0–10 cm soil depth for inorganic pastures (by averaging values for 0–5 cm and 5–10 cm) and did a confirmatory analysis. The results from this confirmatory analysis are presented in the supplementary section (Figures S3–S5). Confirmatory analysis corroborates our findings as described earlier.



POXC has been suggested as a reliable and management sensitive soil health indicator [16,41]. In these pasture soils, the POXC relationship with inorganic N was explained by a quadratic model (Figure 3D). We found that up to a value of POXC = 500 mg kg−1, inorganic N was consistently low (within 50 mg kg−1). When POXC was greater than 500 mg kg−1, there was a dramatic increase in inorganic N. This inflection point might be utilized as a soil health criterion or a threshold for given management systems or carbon sources. The relationship of POXC and inorganic N did not have the characteristic difference (which was seen for LOI vs. N, Figure 3C) between broiler litter and inorganic pastures signifying the reliability of POXC, as a soil health indicator, because it was more stable across two fertilizer management systems. PMN also had significant strong positive relationship with POXC which was explained (R2 = 0.52) by a simple linear model (Figure 3A). Ros et al. [28] found high correlation (r = 0.84) between hot water extractable carbon and mineralizable N for native grasslands and croplands soils with a history of mixed chemical and manure fertilization system. Since POXC is reliable and easy to measure [16] as compared to hot water extractable carbon or PMN, the POCX relationship may be a more accessible means to better understanding of nitrogen availability and nitrogen fertilizer recommendation in pastures.




3.4. Relationship of Soil Nitrogen with Other Soil Health Indicators


Soils contain more organic carbon than global vegetation and atmospheric carbon [42], and soil organic matter is central for agricultural production [43]; thus, the study of its interrelationship with other soil parameters is important to increase the productivity of agricultural systems. LOI and POXC had inverse relationship with BD and was explained by a simple linear model (Figure 5A,C). Typically, an increase in LOI is associated with reduced BD, but the two fertilizer application systems differed in the rate at which BD reduced with increasing LOI (Figure 5A). In cases of LOI, in inorganic fertilizer pastures, the slope of the equation was significantly (p < 0.001) steeper (−0.043) as compared to the broiler litter fertilized pastures (−0.015). In broiler litter pastures, some soil cores with LOI values as high as 30 g 100 g−1 had BD of 1.2. This incongruity between inorganic pastures and broiler litter pastures might also be due to differences in managerial decisions and stocking density. In addition, inherently greater bulk density of clay soils from research pastures could have added to this inconsistency between two systems by limiting the range of bulk density values. Generally our finding is in agreement with Franzluebbers [44] who reported an inverse relationship between soil organic carbon and bulk density and suggested an exponential model for predicting bulk density (R2 = 0.64). The shorter-term Franzluebbers [44] study had different fertilizer sources, but there was no distinct separation between the carbon and BD relationship based on fertilizer source. Similarly, in case of POXC vs. BD, we found an inverse relationship (Figure 5C). The difference between two fertilizer systems, as was found in LOI vs. N (Figure 5A), was not observed. This again indicates that the active fraction of carbon could be a more reliable soil health indicator across pastures with different fertilizer sources.



LOI and POXC had a positive significant relationship and was explained by linear regression model (Figure 5B); however, broiler litter applied vs. inorganic pastures behaved differently. The slope of line for inorganic pastures was very steep as compared to the broiler litter applied pastures. Past studies [45,46,47] also reported that total organic carbon was linearly related to POXC in plantation, cropland, and pasture soils, respectively.



POXC had an interesting relationship with NO3−-N which was explained by a quadratic model (Figure 5D). POXC values below 500 mg kg−1 had very low NO3−-N (below 20 mg kg−1), but beyond 500 mg kg−1 POXC, there was a sharp increase in NO3−-N. This relationship might be an important consideration in fertilizing hay pastures or predicting NO3−-N in forage to prevent nitrate toxicity in cattle.




3.5. Soil Microbial Biomass vs. Other Soil Health Indicators


Soil microbial biomass [17] has been suggested as a reliable indicator of soil health [3,44]; however, its measurement is highly time- and resource-consuming and requires hazardous chemicals. Thus, research is required in various agroecosystems to create models to assess soil microbial biomass by using other easy-to-measure soil health indicators.



The multiple regression model Equation (1) had an R2 of 0.76 (Figure 6A), suggesting that most of the variables under consideration were useful indicators of SMBC (Table 3). The regression parameters (Table 3) show the complex nature of this biological soil health indicator. The POXC/PMN ratio had a significant positive effect, whereas the ratio of LOI/P ratio had a negative effect on SMBC. While others found a positive relationship with SMBC [16,48,49], our research showed weak though significant relationships which varied by fertilizer management systems (Figure 6B). High LOI/P ratio and high BD had negative effect, whereas LOI alone did not have any effect. The dissimilar relationship of LOI with POXC (Figure 5B) in broiler litter pastures vs. inorganic pastures may have been why we did not detect an effect of LOI in SMBC. For similar LOI values, POXC was relatively high in inorganic pastures as compared to broiler litter applier pastures. Furthermore, Franzluebbers and Stuedemann [50] suggested that larger biologically active carbon pools can be related to higher microbial carbon, whereas very high biologically resistant carbon (likely present in pastures with long history of broiler litter application) might have lower microbial biomass [51].



Contrary to previous studies [50,52], broiler litter applied pastures had significantly less SMBC as compared to the inorganic pastures. However, those studies had applied poultry litter for only 4 years as compared to >20 years in our study. Typically, broiler litter applied pastures are rich in Phosphorus [53], which was the case in our study, and the negative effect of P (Table 3) might be confounded with the presence of heavy metals in broiler litter pastures. Past studies have suggested that long term application of poultry litter leads to accumulation of heavy metals such as Arsenic, Copper, Zinc, and Manganese [14,29,49,54].




3.6. Inorganic N and PMN vs. Other Soil Health Indicators


A multiple regression model was fit for Inorganic Nitrogen (Figure 7) as explained in Equation (1). Inorganic N was significantly related to all variables under consideration (Table 1). As PNM and LOI variables were correlated with POXC, they were removed from the model to address the problem of collinearity. Only variables with VIF (Variance Inflation Factor) less than 2.5 were kept in the model. Since inorganic nitrogen is the most readily plant available fraction of soil N, its accurate measurement is important from a producer’s perspective. Figure 3 shows how soil health indicators under consideration relate with N. There was under-prediction below 10 mg kg−1 N and over-prediction above 60 mg kg−1 N.



PMN was significantly affected by POXC, BD, P, and Resp (Table 4). POXC had most significant impact on PMN which was indicative of the ability of active carbon in soil to predict potentially mineralizable nitrogen in soil. Several researchers found respiration to have a significant positive effect on inorganic N, because higher soil respiration can be indicative of high microbial activity and associated N mineralization, which releases a flush of inorganic N [55,56]. Thus, soils with higher respiration rates had accumulated more inorganic N. In our work, Resp had a negative effect on PMN because actively respiring soils mineralize organic matter and release nitrogen in mineral form causing a decrease in potentially mineralizable nitrogen pool.





4. Conclusions


We documented significant relationships of active carbon (POXC) with PMN, N, LOI, BD, and SMBC, which substantiates the importance of POXC as an easily measured soil health indicator within the Southern Piedmont, USA. Of particular importance is our finding of the strong positive relationship of POXC with N and PMN, which showed the ability of active carbon-fraction to influence dynamics of nitrogen cycling in pastures. The quadratic relationship of POXC with N and nitrate-N is very interesting and needs to be studied in various grazing management systems to determine if there is one or several inflection points. These inflection points may serve as a soil health criterion/threshold or as indicator when nitrates in forages could be hazardous to grazing animals or as hay. We conclude that soil microbial biomass, a reliable and sensitive but difficult-to-measure indicator of soil health, could be assessed using other easy-to-measure variables. Fertilizer management systems significantly affect the relationship between soil health indicators and this information needs to be included in fertilizer recommendation models. The multiple regression models presented for Inorganic N, PMN and SMBC provide useful insights for developing and updating fertilizer recommendation models. Measurement of POXC and BD will help modelers, farmers, and farm managers to determine optimum nitrogen fertilizer recommendations for healthy and sustainable grazing systems.
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Figure 1. Map of study sites showing pasture locations and respective counties in Georgia, USA. 
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Figure 2. Principal Component Analysis of variables. Dim1 = First principal component, Dim2 = second principal component. 
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Figure 3. Relationship of inorganic N with (A) potentially mineralizable N, (B) bulk density, (C) loss on ignition carbon, and (D) active carbon. The black circles represent soils from the broiler litter applied pastures. Other symbols denote soils from inorganic fertilizer applied pastures. 
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Figure 4. Relationship of potentially mineralizable N with (A) active carbon, (B) soil respiration, (C) bulk density, and (D) loss on ignition carbon. The black circles represent soils from the broiler litter applied pastures. Other symbols denote soils from inorganic fertilizer applied pastures. 
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Figure 5. Relationships of loss on ignition carbon with (A) bulk density and (B) active carbon, and relationship of active carbon with (C) bulk density, and (D) nitrate-nitrogen. The black circles represent soils from the broiler litter applied pastures. Other symbols denote soils from inorganic fertilizer applied pastures. 
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Figure 6. Graphs showing (A) predicted vs. actual plots for soil microbial biomass, and relationships of soil microbial biomass with (B) active carbon, (C) Mehlich-I phosphorus, and (D) bulk density. 
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Figure 7. Predicted vs. actual plots for (A) Inorganic N, and (B) Potentially mineralizable N. 
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Table 1. Location, pasture attributes, management, soil type, and sampling time of study sites.
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	Site
	Location
	Pasture Attributes
	Management/Fertilization
	Soil Type
	Sampling Dates
	Soil Samples





	JPC
	J. Phil Campbell Sr. Research and Education Center Watkinsville, GA
	Four Tall Fescue-Bermudagrass mixed pastures, approx. 17 ha each.
	Historically (more than 10 years before 2016) conventionally grazed. In May 2016, 2 pastures were strategically grazed and other 2 were continuously grazed with rolling out of hay. Inorganic fertilizer
	i. Fine, kaolinitic, thermic

Typic Kanhapludults

(NRCS-First Order Soil Survey)
	July 2017

July 2018
	492



	ADS
	Animal and Dairy

Science Beef Cattle Farm,

Eatonton, GA
	Four Tall Fescue-Bermudagrass mixed pastures, approx. 17 ha each.
	Same as JPC except no external fertilizer applied after May 2016.
	i. Fine, kaolinitic, thermic

Rhodic Kandiudults;

ii. Loamy, mixed, active,

thermic, shallow

Typic Hapludalfs

(NRCS-First Order Soil Survey)
	July 2017

July 2018
	528



	WF
	Hartwell, GA
	One Tall Fescue pasture (19.71 ha) and one Hay field (4.28 ha)
	Rotationally grazed; Broiler litter fertilized
	i. Fine, kaolinitic, thermic

Typic Kanhapludults
	May 2017

June 2018
	52



	TC
	Danielsville, GA
	One Tall Fescue pasture (6.93 ha)
	Rotationally grazed; Broiler litter fertilized
	i. Fine, kaolinitic, thermic

Rhodic Kandiudults;

ii. Fine, kaolinitic, thermic

Typic Kanhapludults
	June 2018
	25



	TH
	Crawford, GA
	One Tall Fescue pasture (2.27 ha)
	Rotationally grazed; Broiler litter fertilized
	i. Fine, kaolinitic, thermic

Typic Kanhapludults
	June 2018
	13



	FC
	Devereux, GA
	One Tall Fescue pasture (11.26 ha)
	Rotationally grazed; Broiler litter fertilized
	i. Fine, kaolinitic, thermic

Rhodic Kanhapludults;

ii. Fine-loamy, mixed, active, nonacid, thermic Oxyaquic Udifluvents
	May 2017
	12
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Table 2. Summary statistics of variables including number of samples, median, mean, standard deviation, minimum and maximum, grouped by type of fertilizer applied and depth of soil samples.
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Soil Health Indicator

	
Soil Depth

	
N

	
Median

	
Mean

	
SD

	
Min

	
Max




	
Research Pastures (Inorganic and/or No Fertilizer)






	
Loss on Ignition Carbon (LOI)

(g 100 g−1)

	
0–5

	
335

	
73

	
78

	
27

	
29

	
211




	
5–10

	
335

	
44

	
48

	
17

	
19

	
159




	
10–20

	
323

	
41

	
45

	
17

	
16

	
107




	
Active Carbon (POXC)

(mg kg −1)

	
0–5

	
335

	
722

	
736

	
240

	
24.88

	
1355




	
5–10

	
334

	
299

	
317

	
143

	
0.1

	
9996




	
10–20

	
321

	
180

	
192

	
110

	
0.1

	
645




	
Soil Microbial Biomass (SMBC)

(mg CO2-C kg−1)

	
0–5

	
27

	
168

	
172

	
85

	
16

	
409




	
Soil Respiration

(mg CO2-C m−2 24 h−1)

	
0–5

	
316

	
844

	
1078

	
849

	
19

	
4136




	
Inorganic Nitrogen (N)

(mg kg−1)

	
0–5

	
329

	
36.6

	
44.9

	
39.1

	
0.7

	
327.1




	
5–10

	
329

	
7.9

	
10.5

	
10.1

	
0.5

	
93.6




	
10–20

	
316

	
4.7

	
6.3

	
7.6

	
0.1

	
79.5




	
Potentially mineralizable Nitrogen (PMN)

(mg kg−1)

	
0–5

	
330

	
20.7

	
21.6

	
12.2

	
0.1

	
59.2




	
5–10

	
329

	
9.6

	
10.1

	
5.1

	
1.0

	
33.1




	
10–20

	
317

	
6.2

	
6.5

	
3.7

	
0.1

	
31.7




	
Nitrate-Nitrogen (NO3−-N)

(mg kg−1)

	
0–5

	
330

	
31.7

	
39.3

	
37.8

	
0.00

	
298.2




	
5–10

	
329

	
5.3

	
7.6

	
9.4

	
0.00

	
78.7




	
10–20

	
317

	
2.5

	
4.3

	
7.5

	
0.00

	
77.9




	
Mehlich-I Phosphorus (P)

(mg kg−1)

	
0–5

	
302

	
13.3

	
18.3

	
27.5

	
0.2

	
383.5




	
5–10

	
328

	
6.7

	
17.0

	
33.1

	
0.0

	
257.9




	
10–20

	
315

	
3.1

	
14.2

	
34.8

	
0.0

	
321.3




	
Bulk Density (BD)

(g cm−3)

	
0–5

	
333

	
1.32

	
1.31

	
0.19

	
0.68

	
2.41




	
5–10

	
330

	
1.51

	
1.51

	
0.15

	
0.82

	
2.41




	
10–20

	
315

	
1.47

	
1.45

	
0.13

	
0.62

	
1.78




	
Clay%

	
0–5

	
335

	
23.5

	
21.1

	
7.0

	
10

	
37.5




	
5–10

	
335

	
21

	
22.0

	
10.3

	
10

	
36.5




	
10–20

	
323

	
21

	
26.6

	
14.9

	
10

	
50




	
A. Farmers’ Field (Broiler Litter Fertilized)




	
LOI (g 100 g−1)

	
0–10

	
102

	
9.4

	
11.8

	
7.8

	
2.5

	
36.1




	
POXC (mg kg−1)

	
0–10

	
102

	
611

	
596

	
139

	
251

	
956




	
SMBC (mg CO2-C kg−1)

	
0–10

	
64

	
25.9

	
45.7

	
47.1

	
4.2

	
235.8




	
N (mg kg−1)

	
0–10

	
102

	
37.5

	
39.9

	
16.3

	
8.5

	
70.1




	
PMN (mg kg−1)

	
0–10

	
102

	
12.3

	
12.4

	
5.1

	
1.4

	
30.1




	
NO3−-N (mg kg−1)

	
0–10

	
102

	
28.2

	
28.1

	
12.9

	
5.1

	
53.8




	
P (mg kg−1)

	
0–10

	
64

	
64.1

	
62.0

	
44.9

	
1.5

	
246.7




	
BD (g cm−3)

	
0–10

	
102

	
1.41

	
1.41

	
0.62

	
1.13

	
1.67




	
Clay%

	
0–10

	
64

	
15

	
15.6

	
5.3

	
9.9

	
31
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Table 3. Multiple regression results for Soil Microbial Biomass prediction.
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Multiple Regression for SMBC

	




	
Term

	
Estimate

	
SE

	
t-Value

	
p-Value

	
VIF






	
Intercept

	
190.977

	
59.973

	
3.18

	
0.0021

	




	
Inorganic-Broiler

	
−42.586

	
6.563

	
−6.49

	
<0001

	
1.67




	
POXC/PMN

	
0.395

	
0.074

	
5.34

	
<0001

	
1.51




	
P

	
−0.564

	
0.118

	
−4.79

	
<0001

	
1.3




	
PMN

	
3.114

	
0.913

	
3.41

	
0.001

	
1.74




	
LOI/P

	
−3.770

	
1.187

	
−3.18

	
0.0021

	
1.16




	
BD

	
−85.584

	
36.337

	
−2.36

	
0.021

	
1.59








The variables are ordered by the log-worth in descending order. SE = standard error, t-value = t score for respective term, VIF = variance inflation factor. Terms with p-value less than 0.05 listed are significant at α = 0.05 significance level. POXC = active carbon, BD = bulk density, P = Mehlich-I phosphorus, Resp = soil respiration, N = inorganic nitrogen, LOI = loss-on-Ignition carbon, PMN = potentially mineralizable nitrogen.
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Table 4. Multiple regression results for Inorganic N and Potentially Mineralizable N.
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Multiple Regression for N

	

	
Multiple Regression for PNM

	




	
Term

	
Estimate

	
SE

	
t-Value

	
p-Value

	
VIF

	
Term

	
Estimate

	
SE

	
t-Value

	
p-Value

	
VIF






	
Intercept

	
40.134

	
7.598

	
5.28

	
<0001

	

	
Intercept

	
9.057

	
2.559

	
3.54

	
0.0004

	




	
POXC

	
0.049

	
0.003

	
17.34

	
<0001

	
1.60

	
POXC

	
0.022

	
0.001

	
19.64

	
<0001

	
2.02




	
BD

	
−32.034

	
4.693

	
−6.83

	
<0001

	
1.58

	
N

	
0.058

	
0.011

	
5.39

	
<0001

	
1.88




	
P

	
0.136

	
0.021

	
6.5

	
<0001

	
1.02

	
Resp

	
−0.001

	
0.000

	
−5.18

	
<0001

	
1.02




	
Resp

	
0.002

	
0.001

	
2.77

	
0.0057

	
1.01

	
BD

	
−3.399

	
1.599

	
−2.13

	
0.0339

	
1.63








The variables are ordered by the log-worth in descending order. SE = standard error, t-value = t score for respective term, VIF = variance inflation factor. Terms with p-value less than 0.05 listed are significant at α = 0.05 significance level. POXC = active carbon, BD = bulk density, P = Mehlich-I phosphorus, Resp = soil respiration, N = inorganic nitrogen.
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